Toluene alkylation with methanol and ethylene over HZSM-5 zeolites has been investigated in order to understand the effects of deposited "coke" and postsynthesis surface silylation on the toluene conversion and product selectivity. Long time-on-stream kinetic runs, performed under conditions in which total toluene conversion did not decrease but concentration of coke continuously increased were used to follow the changes in the individual xylene selectivity, the activity of the external surface, and the transport rates of individual xylene isomers. A very small increase in ortho-and para-xylene selectivity, no changes in xylene diffusivities, but a substantial decrease in the activity of the external surface were observed with increasing coke deposition. Under severe reaction conditions when coking caused a substantial decrease in toluene conversion, nearly no increase in para-xylene or para-ethyltoluene selectivity was found. The silylation of ZSM-5 zeolite with tetraethylorthosilicate blocked active sites on the external zeolite surface and decreased considerably the diffusivities of xylenes and ethyltoluenes. This modification also increased substantially the para-selectivity at high toluene conversions. Comparing the effect of coke deposition and surface silylation on the para-selectivity it is concluded that a decrease in the transport rates of xylenes is decisive for an enhancement of the para-selectivity, whereas secondary isomerization of para-isomers on the external surface plays a minor role.
INTRODUCTION
Alkylation of aromatic hydrocarbons over molecular sieves, particularly over shape-selective medium pore zeolites (e.g., has been extensively investigated.'-" The contribution of the initial alkylation step to the product distribution of the dialkylbenzene isomers, their further isomerization in the zeolite channels and on the external surface, and the role of the transport rates of the individual isomers for the resulting selectivity of zeolites are still discussed.12-'5 It has been shown that a high @-a-selectivity in the alkylation or disproportionation of toluene can be achieved via chemical modification of the zeolite crystal surface, using deposition of bulky silicon or magnesium compounds or organic molecules that do not penetrate into Similarly, the effect of coke deposits on the paraselectivity of alkylation reactions is ascribed to site blocking and pore mouth narrowing as in the case of chemical modification of the external surface. However, until now it has not been clear what is the most important factor affecting the resulting @zru-selectivity, the isomerization of pdialkylaromatics on the external zeolite surface or the narrowing of the pore opening affectin ucts 1,2, 8 the transport rates of the individual prod-,1619 This contribution addresses the effect of coke deposits and the role of prereaction surface silylation on the activity and puruselectivity of HZSM-5 zeolites in toluene alkylation with methanol and ethylene. The zeolites were characterized by FTi.r. spectroscopy, sorption capacity for argon, and the concentration of coke deposits. The location of coke deposits and its effect on the catalytic reaction are evaluated on the basis of the zeolite sorption capacities reflected in inner void volume, the external surface activity monitored by transformation of 1,3,5-triisopropylbenzene (1,3,5-TIPB) and uptake measurements of the individual xylene and ethyltoluene isomers.
EXPERIMENTAL
The acid form of ZSM-5 zeolite (Si/Al = 22.5, crystal size l-2 pm) was prepared by ion exchange of the sodium form with 0.5 M nitric acid. The silylated sample (8.5 wt% of Si) was prepared by suspending the zeolite powder in dry n-hexane in which a calculated amount of tetraethylorthosilicate was added.13,16 The number of strong acid sites was calculated from the high temperature peak of the temperatureprogrammed desorption (20 K/min) of ammonia (t.p.d.a.) performed in a helium stream of 5.0 ml/min on zeolites pretreated at 770 K for 1 hr. The zeolite was equilibrated in an ammonia stream (10% ammonia in nitrogen) at 373 Kfor 0.5 h, then in helium at the same temperature for 0.5 h. The zeolite void volume was estimated from the sorption capacity for argon measured in a static apparatus at 13.33 kPa of argon at 80 K on samples pretreated at 720 K in a vacuum of 10-i Pa for 16 h.
Toluene alkylation with methanol (at 570 K) or ethylene (at 620 K) was carried out in a vapor phase continuous down-flow glass microreactor under atmospheric pressure, at WHSV 10.0 h-l and different timeon-streams (T-O-S). The nitrogen (carrier gas) was saturated with toluene at 333 K (18.5 ~01%) and separately with methanol at 306 K (or ethylene) to establish a toluene/methanol (ethylene) molar ratio of 3.8. The individual kinetic runs were stopped at 55, 215, 840, and 1440 min. To attain a substantial coke deposition and a decrease in toluene conversion, the zeolite was treated with ethylene for 15 h at 620 K (ethylene concentration 90 vol%, WHSV 5.0 h-l). On the coked zeolites standard tests of toluene alkylation with methanol as well as with ethylene were carried out under the conditions given above.
After each reaction run the zeolite was purged with the pure carrier gas at the reaction temperature until the effluent gas was free of the reactants and products (at least for 30 min). The zeolite sample was subsequently characterized with respect to the concentration of Bronsted acid sites (FTi.r., t.p.d.a.), sorption capacity for argon, the concentration of deposited coke, and external surface activity. The amount of coke formed during the alkylation reaction was estimated gravimetritally by burning the sample in air in a static apparatus at 820 K for 16 h. The activity of the external surface of parent, silylated, and coked zeolites was tested via the conversion of 1,3,5-triisopropylbenzene (TIPB that is assumed to be unable to access the ZSM-5 channels) at 570 K and WHSV 0.5 h-'.
The reaction products were analyzed using an online high resolution gas chromatograph HewlettPackard 5890 series II with a Supelcowax lo-capillary column (30 m length, inner diameter 0.2 mm, phase The diffusivities of the individual xylene and ethyltoluene isomers in parent, silylated, and coked zeolites were investigated by means of time-resolved transmission absorption FT i.r. spectroscopy using a Bruker IFS 88 spectrometer (typical resolution 4 cm-'). These experiments have been done under conditions enabling us to pump the system differentially in a sample compartment that can be evacuated to pressures below 1O-4 Pa. The xylene and ethyltoluene isomers were introduced into the vacuum system via a gas inlet manifold. The activated zeolite was mixed with 0.1 Pa of the adsorbate at 373 K until adsorptiondesorption equilibrium was achieved. During adsorption, i.r. spectra were collected with time resolutions between 10 s and 10 min, depending on the adsorption rates of the substances.
RESULTS AND DISCUSSION
Nondeactivated zeolite The activity and selectivity of HZSM-5 for toluene alkylation with methanol after different T-O-S and the corresponding zeolite void volume, the number of bridging OH groups, the concentration of coke, and spends much more time in zeolite channels than pxylene. The increasing coverage of Brernsted acid sites by strongly bound m-xylene and probably also polymethylated benzenes or coke leads, thus, to a continuous decrease in the rate of m-xylene formation.
Zeolite with deposited coke To obtain highly coked zeolite samples, ethylene was fed overnight over HZSM-5 zeolite at 620 K. Coked HZSM5 contained 5.2 wt% of coke. Figure 3 and Table  2 provide the T-O-S dependence of the toluene conversion and selectivity to p-xylene and pethyltoluene on the parent and coked zeolite. Toluene conversion decreased for the methylation reaction from 16.5 to 13.0% and for the ethylation reaction from 24.4 to 10.8%. This corresponds to higher steric hindrances in the coked zeolite for ethyltoluenes compared with xylenes.
A decrease in the toluene conversion is accompanied by changes in the product distribution. However, after a severe zeolite deactivation in toluene methylation, in addition to xylenes, ethyltoluenes, higher aromatics, and particularly pseudocumene were also observed, whereas in toluene ethylation selectivity to ethyltoluenes was 97.0-98.0%, and formation of secondary products was substantially suppressed. As for composition of xylenes and ethyltoluenes both p-isomers were found in a higher concentration with coked zeolite. This is not surprising as in both reactions toluene conversion was substantially lower for coked zeolite compared with the parent one. Figure 4 depicts the dependence of pselectivity on conversion for toluene alkylation with ethylene (obtained by changing WHSV values at 620 K) . Comparing the pelectivity of the coked ZSM-5 with the p-selectivity of the parent ZSM-5 at the same conversion level it is evident that the higher pselectivity of the coked ZSM-5 was only apparent, and on the contrary the coke deposits affect negatively the zeolite paraselectivity (cf. Tables 2 and 3 and Figure 3 ).
Silylated ZSM-5
The silylated zeolite exhibited a sharp decrease in conversion in the toluene alkylation with ethylene with T-O-S in contrast to parent HZSMB ( Figure 5 ). This decrease in conversion is probably caused by higher transport hindrances in silylated ZSM-5 for bulkier products. Simultaneously, a substantial increase in p ethyltoluene selectivity was observed (34.0 -+ 95.0 268 Zeolites 17:265-271,mol%). The surface silylation resulted in an annihilation of nearly all Si-OH-Al sites on the external surface as the conversion of 1,3,5-TIPB was found to be only 2% for silylated sample compared with 84% for the parent zeolite. In addition, TPDA, argon, and ethyltoluene sorption measurements as well as toluene conversion gave evidence that the concentration of strong Brernsted acid sites located in the pores remained nearly unchanged. This proves that a substantial increase in @a-selectivity at high conversion levels can be achieved via silylation of the zeolite external surface.
Diffusion
of xylene and ethyltoluene isomers To establish the effect of coke deposits and zeolite surface silylation on the rates of transport of the individual dialkylaromatics, the diffusion of xylene and ethyltoluene isomers was investigated. The diffusion coefficients were estimated from the time-dependent uptake of the pure xylene and ethyltoluene isomers at constant temperature (for details see Refs. 15, [20] [21] [22] [23] . The uptake (QJ is determined from the normalized intensity of one characteristic i.r. band of the adsorbate. Assuming that the HZSM-5 zeolite used consists of spherical particles (r, = 0.5 pm), the following equation was used to estimate the diffusion coefficients.
In this equation, Q denotes the uptake at time (t) and Qo the uptake after equilibration. The slope of the linear part of the curve (Q/a ranging from 0.3 to 0.6) was used to estimate the diffusion coefficient (D).
The uptake rates of p and o-xylene over HZSM-5 deactivated under mild conditions (during 24 h of toluene alkylation with methanol) were found to be practically identical with those of the fresh HZSM-5. The low coke concentration led to both a partial decrease in the concentration of OH groups and the zeolite inner void volume but had no influence on transport rates of xylene molecules.
With severely deactivated ZSM-5 (highly coked zeolite), nearly no free bridging OH groups remained, as can be seen from Figure 2 (spectrum 3). The i.r. spectra indicated that OH groups were covered with strongly adsorbed polymethylated benzene molecules or with coke deposits, and only a few percent became free after outgassing the sample in vacuum at 600°C. For this reason the uptake of xylenes or ethyltoluenes was practically negligible. Although it was difficult to estimate the effect of coking on the rates of transport for pxylene or pethyltoluene, the uptake rates for parent and coked HZSM-5 seem to be comparable. Nevertheless, this fully coked zeolite exhibited substantial toluene conversion in both catalytic alkylation reactions (Tables 2 and 3 ). It follows that irreversibly bonded deposits contribute to some extent to the catalytic reaction.
The time-resolved i.r. spectra of sorbed p-ethyltoluene at 373 K on silylated ZSM5 are shown in Figure  6 . It is clearly seen that isomerization of pethyltoluene does not proceed under these experimental conditions. The dependence of the relative intensities of the specific i.r. absorption at 1,486 cm-' (characteristic for adsorbed pethyltoluene on BrOnsted acid sites) versus time of adsorption for parent and silylated HZSM-5 are given in Figure 7 . A rough estimation of the diffusion coefficients of p-ethyltoluene indicates a substantial difference between HZSM-5, with a diffusion coefficient of about 6 * lo-l2 cm-'/s and silylated HZSM-5 with D = 1.10m12 cmm2/s. It indicates that silylation with bulky TEOS molecules not only blocks the external surface sites, but also decreases substantially the transport rate of pethyltoluene related to the enhancement of @~a-selectivity. This fact can be explained only by the narrowing and/or plugging of pore entrances of the zeolite channel system.
CONCLUSIONS
Coke (consisting mainly of strongly adsorbed polyalkylbenzenes) formed during the alkylation reaction is located in the bulk of the zeolite crystals, and it is not located specifically on the external surface. Although this low concentration of coke decreases the number of strong acid OH groups and zeolite inner void volume, no changes in the transport rates have been found for dialkylaromatic compounds. Moreover this coke can probably take part also in the reaction (e.g., isomerization) .
No increase in pnraselectivity has been observed for HZSM-5 with coke covering the external surface. The presence of high concentrations of coke deposits throughout the zeolite crystals has a negative effect on the resulting HZSM-5 paruselectivity. Surface silylation of HZSM-5 with tetraethylorthosilicate leads to blocking of Si-OH-Al groups on the external surface and to a substantial decrease in transport rate of p-ethyltoluene compared with the parent HZSM-5. Substantial enhancement of pamselectivity has been found after surface silylation of HZSM-5, which is a result of pore entrance narrowing rather than annihilation of the external acid sites.
All these results show that transport rates of the individual dialkylaromatic molecules play the decisive role in the enhancement of the zeolite @-u-selectivity. 
